In the RNA interference (RNAi) pathway, small interfering RNAs (siRNAs) direct the sequence-specific silencing of complementary RNA. RNAi and similar posttranscriptional gene silencing (PTGS) phenomena are found in other eukaryotes, including animals, fungi, protozoa, and plants (Cogoni et 
guide strand (Okamura et al. 2004; Tomari et al. 2004a) .
Extracts from Drosophila and mammalian cells are important tools for dissecting the mechanism of RNAi in vitro, yet no comparable in vitro system is available for plant RNAi initiated by siRNAs. In plants, wheat germ extract is an important tool for studying RNA silencing, but wheat germ extracts cannot be programmed with synthetic duplex siRNAs. Wheat extracts recapitulate some RNA silencing activities, including RNA-dependent RNA polymerase activity and small RNA production from long dsRNA ("dicing") . Wheat germ extract also contains functional RISCs programmed with microRNAs (miRNAs), small, endogenous RNA guides that control the expression of messenger RNA (mRNA) targets, typically by cleaving them, suggesting that the extracts are specifically defective in RISC assembly Mallory et al. 2004) . Exogenous siRNAs trigger target cleavage activity in Drosophila embryo lysates and extracts from cultured mammalian cells (Boutla et al. 2001; Elbashir et al. 2001a,c; Nykänen et al. 2001 ), but not wheat germ extracts. The siRNAs produced in Drosophila lysate are both double-and single-stranded (Nykänen et al. 2001; Tang et al. 2003) , but those produced in wheat germ extract remain double-stranded , suggesting that synthetic siRNA duplexes do not trigger RNAi in wheat germ extract because they are not unwound.
Here, we demonstrate that wheat germ extract cannot be programmed with exogenous siRNA duplexes because it does not unwind siRNA. In contrast, single-stranded siRNAs directed endonucleolytic cleavage of a corresponding target RNA in wheat germ extract. Wild-type Drosophila embryo and ovary lysate complemented the defect in siRNA unwinding in wheat germ extract. Drosophila ovary lysate defective in RNAi but not siRNA unwinding also rescued wheat germ extract, whereas mutant lysate defective for siRNA unwinding did not. Biochemical complementation of wheat germ RNAi requires both components of the RLC and core components of mature Drosophila RISC. al. 2001b,c; Nykänen et al. 2001) , but triggered only low levels of target cleavage in wheat germ extract (Fig. 1A) . We asked if the failure of double-stranded siRNAs to trigger efficient target cleavage in wheat germ extract might reflect a defect in unwinding siRNA duplexes or in assembling the unwound strands into RISC. We monitored siRNA unwinding in wheat germ extract in the presence of ATP; in Drosophila embryo lysate, siRNA unwinding requires ATP (Nykänen et al. 2001) . Wheat germ extract, unlike Drosophila embryo lysate, did not unwind doublestranded siRNAs: no single-stranded siRNA accumulated (Fig. 1B) nor did the double-stranded siRNA decrease with time (data not shown). We conclude that wheat germ extract lacks a robust siRNA unwinding activity.
siRNA must contain a 5´ phosphate group to function in RNAi; blocking siRNA 5´ phosphorylation inactivates the siRNA (Nykänen et al. 2001; Chiu and Rana 2002; Schwarz et al. 2002) . We examined whether the lack of siRNA unwinding in wheat germ extract was caused by the absence of an siRNA kinase. We incubated a 3´ 32 Pradiolabeled siRNA bearing a 5´ hydroxyl group in wheat germ extract and monitored its phosphorylation. The siRNA was rapidly phosphorylated in the wheat germ extract, as evidenced by its faster electrophoretic mobility (Fig. 1C) . Thus, wheat germ extract contains an siRNA kinase.
If siRNA unwinding, rather than siRNA phosphorylation, is defective in wheat germ extract, then singlestranded, but not double-stranded, siRNAs might direct target mRNA cleavage in the extract. In vitro, in both Drosophila embryo lysates and extracts of cultured mammalian cells, and ex vivo, in cultured mammalian cells, single-stranded siRNAs act as guides for endonucleolytic cleavage, albeit with reduced efficiency (Schwarz et al. 2002) . Figures 1D and 1E show that single-stranded siRNAs also direct target cleavage in wheat germ extracts. Single-stranded siRNAs functioned in wheat germ extract only when they contained a 5´ phosphate; the siRNAs did not cleave the target when the 5´ end was blocked by a methoxy group (Fig. 1D ), consistent with their guiding target cleavage as a component of RISC. A 5´ methoxy modification blocks RNAi in Drosophila embryo lysates and cultured human cells (Schwarz et al. 2002) , because it blocks the assembly of the RLC (Tomari et al. 2004b ). Thus, a 5´ phosphate is an essential feature of functional siRNAs in both plants and animals.
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MATRANGA AND ZAMORE P-radiolabeled siRNA duplex was rapidly phosphorylated upon incubation in wheat germ extract. (D) Single-stranded siRNAs containing 5´ and 3´ hydroxy (OH) termini directed efficient target cleavage in wheat germ extract. The siRNA was rapidly 5ṕ hosphorylated in the wheat germ extract, as shown in C. A 5´ methoxy (CH 3 O) modification, which blocks 5´ phosphorylation, inhibited target cleavage in wheat germ lysate. In order to introduce the 5´ methoxy modification, the first nucleotide of the siRNA was changed from riboU to deoxyT. This change, in the absence of the methoxy modification, did not inhibit target cleavage, as shown by the 5´ dT siRNA. A 2´,3´ dideoxy (ddC) modification of the 3´ end of the siRNA similarly had no significant effect on cleavage. The unmodified sense (S) siRNA triggered no target cleavage and is presented as a negative control. (E) Single-stranded (green) but not double-stranded (blue) siRNAs triggered efficient RNAi in wheat germ extracts. The appearance of the ~70-nucleotide 5´ cleavage product was monitored over time.
A B C D E
Cold Spring Harbor Laboratory Press on October 26, 2017 -Published by symposium.cshlp.org Downloaded from tant lysate rescued the defect in wheat germ at a concentration insufficient to support RNAi on its own (Fig. 3E) . The dcr-2 G31R mutation prevents Drosophila Dcr-2 protein from dicing long dsRNA into siRNAs, but preserves its function in unwinding siRNA duplexes and loading one of the two siRNA strands into RISC Pham et al. 2004; Tomari et al. 2004a ). Moreover, recombinant Dicer2/R2D2 heterodimer, which can dice long dsRNA in vitro, did not rescue wheat germ RNAi (Fig. 3F ). Together these data suggest that multiple RLC components are missing from wheat germ extract and that these components are essential for the transfer of one of the siRNA strands from the double-stranded siRNA into the single-strand-containing, active RISC.
Next, we tested if Drosophila Argonaute2 (Ago2) is required to complement wheat germ extract. Ago2 is required in flies for siRNA unwinding (Okamura et al. 2004) , because the RLC will not initiate siRNA unwinding in the absence of Ago2 (Tomari et al. 2004a ). Ago2 is a core component of RISC and is the endonuclease that In contrast, a 2´,3´ dideoxy-modified, single-stranded siRNA guided target cleavage in wheat germ extract, excluding a role for the siRNA as a primer of an RNA-dependent RNA polymerase (RdRP) acting to convert the target RNA into dsRNA that is subsequently destroyed by dicing. Over time, only an ~70-nucleotide product accumulated (Fig. 1E) , consistent with the single-stranded siRNA acting directly as a guide without involvement of an RdRP. In Arabidopsis, RdRP proteins are required for PTGS initiated by transgenes overproducing singlestrand RNA (Dalmay et al. 2000; Mourrain et al. 2000) , but not for target destruction initiated by dsRNA (Waterhouse et al. 1998 ).
Biochemical Complementation of Wheat Germ RNAi
RNA silencing pathways are conserved between plants and animals. Therefore we asked if Drosophila proteins might complement the defect in siRNA unwinding in wheat germ extract. Wheat germ extract was supplemented with serial dilutions of Drosophila embryo lysate and incubated with double-stranded siRNA and an RNA target ( Figs. 2A and 2B ). After incubation for 60 minutes, we assayed target cleavage ( Fig. 2A) . Supplementing the wheat germ extract with as little as 1 part Drosophila embryo lysate per 200 activated the wheat germ extract for double-stranded siRNA-directed target cleavage. This amount of Drosophila embryo lysate on its own did not support RNAi, demonstrating that our assay measures biochemical complementation of wheat germ extract by Drosophila proteins. Thus, Drosophila embryo lysate complements wheat germ RNAi activity, even though the two organisms diverged during evolution over one billion years ago (Hedges 2002 ).
Mutant Drosophila Ovary Lysates Rescue the Wheat Defect
Because wild-type Drosophila embryo lysate rescued wheat germ, we asked if ovary lysates from Drosophila mutants that are defective in RNAi could rescue wheat germ RNAi (Tomari et al. 2004a,b) . Wild-type Drosophila ovary complemented the wheat germ extract for RNAi (Fig. 3A) . Lysate from dicer-2, r2d2, and armitage mutant ovaries are all defective in loading RISC with siRNA. We therefore determined if ovary lysate from these mutants can complement wheat germ extract, allowing it to support target cleavage triggered by double-stranded siRNA. We supplemented wheat germ extract with ovary lysate from mutant flies defective for RNAi in vivo and in vitro: dcr-2 L811fsX and dcr-2 G31R , r2d2, and armi 72.1 . armi 72.1 lysate rescued the wheat germ defect (Fig. 3B) , whereas ovary lysate from r2d2 (Fig.  3C ) and dcr2 L811fsX (Fig. 3D ) flies did not complement wheat germ RNAi. Dicer-2 and R2D2 are required for siRNA-mediated RNAi (Liu et al. 2003; Lee et al. 2004; Pham et al. 2004 ), because they are core components of the RLC (Tomari et al. 2004b) , which initiates siRNA unwinding (Tomari et al. 2004a ). In contrast, dcr-2 G31R mu- Figure 2 . Drosophila RNAi components complement the defect in wheat germ extract, allowing double-stranded siRNA to trigger target cleavage. (A) When wheat germ extract was supplemented with as little as 0.5% Drosophila embryo lysate, by volume, double-stranded siRNA directed target RNA cleavage. On its own, this amount of Drosophila embryo lysate was insufficient to trigger target cleavage, demonstrating that the Drosophila components complement the defect in wheat germ extract. (B) When the wheat germ was supplemented with Drosophila embryo lysate (red; 5% of the wheat germ reaction, by volume) nearly all the target RNA was converted to 5´ cleavage product by 15 min. By contrast, little or no target cleavage was observed for the wheat germ extract alone (blue) at 2 hr. At that time, the diluted embryo lysate (black) had converted onlỹ 20% of the target into 5´ cleavage product.
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"slices" the target RNA (Liu et al. 2004; Meister et al. 2004; Parker et al. 2004; Song et al. 2004) . However, it is not known if the endonuclease activity of Ago2 is required for its role in RISC assembly. We prepared ovary lysates from ago2 16608 flies, a strong ago2 allele. Intriguingly, ago2 16608 lysates, unlike those from armi 72.1 mutant flies, did not rescue the wheat germ RNAi defect (Fig. 3G) , suggesting that wheat germ extract requires the function of the RLC and that the wheat germ extract lacks the RISC assembly machinery.
Conclusions
Here, we show that single-stranded siRNAs direct target RNA cleavage in wheat germ extracts. Like RNAi in animals, a 5´ phosphate is required for this siRNA function. Reconstitution of immunopurified human Argonaute2 similarly requires a 5´ phosphate (Liu et al. 2004) , and structural and kinetic studies argue that Argonaute proteins in general contain a pocket that binds the siRNA 5´ end, perhaps via phosphate interactions (Haley and Zamore 2004; Parker et al. 2004) . Our data are consistent with this phosphate-binding pocket also being conserved in plant Argonaute proteins.
Although single-stranded siRNAs can trigger RNAi in wheat germ extract, these extracts cannot be programmed with double-stranded siRNA. Our data suggest that siRNA duplexes do not enter the RNAi pathway in wheat germ extract because they are not unwound. Biochemical complementation experiments with wild-type and mutant Drosophila ovary lysates show that wheat germ extract lacks multiple components of the RISC-loading machinery. We do not know if this reflects the absence of these components from the extract or if they are not present in intact wheat embryos. In contrast, wheat embryos clearly contain miRNA-programmed RISCs, since many functional miRNAs are present in wheat germ extract (G. Tang and P.D. Zamore, unpubl.) . Wheat embryos may contain a functional RISC-assembly machinery dedicated strictly to the production of miRNA-containing RISC, but may lack the comparable assembly machinery for siRNAs. Alternatively, RISC may be loaded with miRNAs during wheat germ cell development, and mature wheat embryos may lack some or all RISC-assembly components. Ovary lysates lacking the Drosophila protein armitage, which is required for RISC assembly and RNAi in vitro and in vivo (Cook et al. 2004; Tomari et al. 2004b ) complement wheat germ extracts for RNAi triggered by siRNA duplexes. The Armitage protein is the animal homolog of the plant protein SDE3, which may be present in plant cell extracts. In contrast, ago2 16608 , r2d2, and dicer2 L811fsX mutant lysates, all of which are defective in siRNA unwinding and RISC assembly, do not complement wheat germ extract. Thus, at least three different Drosophila RISC assembly proteins are required to rescue the defect in wheat germ extract.
MATERIALS AND METHODS

General Methods
Wheat germ extract preparation , target cleavage assays (Haley et al. 2003) , RNAi triggered with single-stranded siRNAs (Schwarz et al. 2002) , siRNA phosphorylation and unwinding assays (Nykänen et al. 2001) , and Drosophila ovary lysate preparation (Tomari et al. 2004b) were as described previously. siRNAs siRNAs were prepared by standard synthesis (Dharmacon Research). Antisense siRNAs targeting firefly luciferase mRNA were 5´-HO-UCG AAG UAU UCC GCG UAC GUG-3´(5´ OH, riboU); 5´-CH 3 O-dTCG AAG UAU UCC GCG UAC GUG-3´ (5´ CH 3 O, dT); 5´-HO-UCG AAG UAU UCC GCG UAC GUddC (2´,3´dideoxyC). let-7 siRNAs contained a guide strand with the sequence 5´-HO-UGA GGU AGU AGG UUG UAU AGU-3´. Sense strands used were 5´-HO-CGU ACG CGG AAU ACU UCG AAA-3´ for Pp-luc and 5´-HO-GCU ACA ACC UAC UAC CUC CUU-3´ for the let-7 siRNA. Sense and antisense strands were annealed as described (Elbashir et al. 2001c ). siRNAs were labeled using polynucleotide kinase (New England Biolabs) and γ-32 P-ATP (NEN) or poly(A) polymerase (Life Technologies) and α-32 P-cordycepin-5´-triphosphate (NEN) as described (Haley et al. 2003) .
